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SECTION 1. REPORT SUMMARY

1.1 BACKGROUND

§; In many cases, it has been necessary to estimate atmospheric pollu-
% tion from known sources without adequate measures of turbulence. Several
%@_ schemes have becn formulated to estimate turbulent diffusion. There are
§$» fewer schemes for accurately estimating turbulence. To estimate diffusion,
i E{ Pasquill, in an unpublished note, suggested six stability classes express-
i z ed in terms of wind speed and degree of insolation. Gifford(]) prepared
’ ?i graphs of vertical and horizontal cloud growth using Pasquill's ideas.
;? In 1964, Turner(z) estimated net radiation from cloud cover, ceiling

height, and solar angle. The United States Nuclear Regulatory Commission
(NRC)(3) categorized stability classes as a function of vertical tempera-
ture gradient (aT/Az).

Two significant controlling parameters for turbulence in a steady-
state surface boundary layer are surfact roughness (zo) and Monin-0Obukhov
length scale (L). Relatively independent of height, L can be determined
from the wind speed and vertical temperature gradients. Panofsky and
Prasad(4) have related vertical turbulence to haight (z), z_and L. Data
from the Great P]ains,(s) Nangara(s) and Kan€d5(7g experimeﬁts can be
used to clarify the relationships between turbulence and the various
profile parameters. Panofsky's L, z, and z do not totally define vertical
turbuience (o E). It can be shown that wind speed {(u) is a fourth in-
fluence. Golder(s) used 1/L and z, to define the stability class in the
lowest 16 meters, but ingnored the additional influence of wind speed.
The NRC aT/az basis of classification ignores the influence of wind speed
and stability as defined by Richardson's number (Ri) or L. In short,
none of the current classification systems include all the variables
which influence turbuience, and most fail to consider the change of this
influence with height.
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1.2 PURPOSE OF STUDY

The purpose of this study is to demonstrate from Great Plains,
Wangara, and Xansas data that a more comprehensive system of furbulence
estimation in the surface boundary layer can be devised for an individ-
ual site. The classification will not be universal. The required re-
gression equations will be site-dependent. The output will be the
ogs horizontal turbulence (oA) and u profiles. The input will be wind
speed, net radiation (R), and surface roughness.

1.3 DESCRIPTION AND SCOPE OF STUDY

A simple basis of AT/Az estimation is quantified. Methods of cal-
culating z, are demonstrated. Regression eguations are formulated for
Xansas data to show that the standard deviations of the vertical eleva-
tion angle ang the horizontal azimuth at 5.66 meters are primarily
functions of tg-and u. Vertical gradients of o and op are functions
of the power-law wind-profile exponent (p). In turn, o is a function

Z, -
of T and u.

1.4 SUMMARY OF RESULTS

Regression equations for o and op at 5.66 m developed for Kansas
data predict values highly correlated to the observed. oy Can be ad-
‘equately predicted for 1 hour but is less predictable for 15-minutes.

1.5 CONCLUSIONS

Vertical and horizontal turbulence can be accurately predicted for
the surface boundary layer, from measured values of ve: tical tempera-
tur2 gradieat, surface roughness, horizontal xind speed, 2ad vertical

‘wind speed gradient. Vertical temperature gradient can be estimated
from-peasured n2t radiation during the day and from net radiation plus
wind_épeed at night. The power-law wind-speed exponent p can be est:i-

- z
_mated from the derived quantity = and observed wind speed.
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The above would suggest that after the first site evaluation using
full instrumentation, that o and Sp values could be obtained from the
resultant regression equations based on wind speed, roughness, and net
radiation measurements only. This is contrary to the findings of Luna,
(93 who found that only direct measurements of turbulence wouid suffice.
Vertical gradients of og and oy are governed by power-law exponents 8
and o. In turn, g and a are functions of p.

1.6 RECOMMENDATION

Published data from future micrometeorological experiments should
include data on cloud cover and height as well as measurements made
with an integrating net radiometer. The regression equations resulting
from such experiments would indicate possible bases of obtaining more
universal dimensionless equations for intensity of turbulence.

SECTION 2. DETAILS OF STUDY

2.1 OBJECTIVES

The objective of this study is to use past data to indicate a
method of minimizing the cost of making a continuous collection of
turbulence data. Requirements inciude:

a. In-depth studies of particular sites to compare measured
turbulence parameters with wind and temperature profile data

b. Determination of a basis of estimating vertical temperature
gradient from measured net radiation and wind speed

c. Demonstration that it is feasible to utilize aT/az and u to
calculate: i) og and ap

i) »p
jii) a and B

=y ‘...::%‘—- cen-oaraions e 2l e T Y Sy
e Xy L R 0N 2.




d. Irdication that measured net radiation and wind speed at one
level can be used to produce estimates of turbulence superior tc those
resulting from the use of sun's angle, cloudiness, and wind speed dur-
ing the day; or cloud cover and wind speed at night

2.2 LITERATURE REVIEW
2.2.1 Turbulent Diffusion Typing Methods

a. F.A. Gifford(lo) review. In the Gifford review, several typing
methods are discussed. Some of these methods are summarized in Table 1.

If one assumes rectilinear expansion from source to 100 meters,
values of og ard g Can be determined for each Pasquill stability cat-
egory as given in Turner(z). These values appear in Table 2.

Prasad(]]) related Ri to bulk Richardson's number (B). B is a
particularly convenient parameter, since at any given height, it de-
pends on vertical potential temperature gradient and wind spead only.

b. Comment.

All of the above systems include cloud-growth rates different
from a constant times distance to the power of 1. The chcice of
stability class, release height and cioud-growth rate are primary con-
siderations. The choice of o and %A and their change with height are
secondary.

2.2.2 Theory

Similarity theory states that steady state vertical turbulence normal-
ized by friction velocity (u,) in the surface boundary layer is complete-
ly determined by surface roughness, height and Honin Qbukhov length
scale. The surface boundary fayer is the layer of air above the earth's
surface in which u, is constant with height. L can be calculated from
Ri. Businger(lz) showed that:

_0.74 ¢(1 - 15¢)%
Ri =
(1-9¢)%

forg <0 (1)
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Table 1. Diffusion Classificacion Systems

- - — —

System Stability Classes Indicator

1. Pasquil’ 6 Insolation, cloud cover and wind

specd

2. Brookhaven National

Laboratory 5 aT/az per 123 neters (m) and
108 m u
3. Turner 7 Solar Angle. cloud amount and
height, 10 m &
4. Golder 6 1/L and z, (2-16 meters)
5. Cramer 4 Measured values of € and Op
282 o
6. TVA 6 2 K/100 m for 75-250 m
7. Briggs 7 Insolation, cloud cover and
wind speed
3.

8 = potential temperature in degrees (°) Kelvin (K)

Table 2. Relations between Pasquill Class, o and 7

-

1
Turbu- ] Pasquill Stability Class
lence | A B c C E F

o0 >7.35 5.21-7.35 3.35-5.2 1 2.21-3.34 1.61-2.3 <1.6

)0 >13 8.88-13 5.76-3.87 3.98-5.75 2.81-3.97 <2.8
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LA = ziL

z = height above thke ground

Ri =0. + 4,72 Yo
P 0lE el for o> 0. (2

Richare -5as number is obtained from:

. _ _g_ _(se/32)
Ri T (du / 3z (3)

where g = acceleration of gravity, m/secondz(sz)
T = absolute temperature, OC
36 / 3z = vertical potential temperature gradient, 0C/m
su / 3z = vertical wind speed gradient, s

To determine whether a given set of data are steady state, u, is ob-
tained for different vertical layers from the eauations:

- .l '

~%: ol (ln(z/zo)- v, (8)) . <0 (4)
and = - (nG/z+ 4.70) c>0 (5)
where k = von Karman's constant = 0.35

v1(z) = 2In{(1 + x)/2) + In((1 + x2)/2) - 2tan"'x + /2 (5a)
x = (1~ 15;)1/“

Having satisfied the requirement of constant u, with height, the
next one is to find a satisfactory substitute for Ri, since the verti-
cal wind speed gradient is frequently not available. Bulk Richardson's
number is a candidate since it can be calculated from 28/3z, u, and T:

Ak | (6)

where the defiu:xiins of the variables are the same as for Equation 3

~ above,




where

o= (1-18Ri)¥

- and
5Ri

¢ (Ri) !

ture gradient are site-dependent.
2.3 METHOD
2.3.1 General

by a Gier and Dunkle net radiometer.

Great Plains data are used to show 2 high correlation between in-
solation (T) measured by a pyrheliometer and net radiation (R) measured

that during daylight hours, AT is highly correlated with R, and at

To relate Ri and B, Prasad(ll) showed that:

_ In (z2/2 - ¥i(z) Y2

y; s the same as in Equation 5a above

Ri <0

vilRI) = - 5y

The question then arises as to whether the relationships of verti-
cal turbulence, 9 and horizontal turbulence o to B, z, and u are as
precise as their relationship to L, z, and u. If they are, adequate
estimates of turbulence can be obtained from tha vertical potential
temperature gradient, wind speed and roughness. The vertical potential
temperature gradient can be measured, estimated from net radiation and
wind speed, or grossly estimated from solar angle, season and cloud
cover. All of these bases of estimating the vertical potential tempera-

Wangara data are used to show
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night it is correlated with R and u. Kansas data will be used to show
that, given the 5.66 m u and the 4-8 m aT/az, that Ri, z/L, Ops Ops P>
a and 8 are defined in the surface boundary layer from 4 to 22 meters.

2.4 CALCULATED RESULTS

2.4.1 Radiation Measurements. The Great Plains trials(s) were con-
ducted during the summer of 1953, 5 miles east-northeast of 0'Neill,
Nebraska. Participants came from the staffs of five universities.
Shortwave radiation (I) measured by an Eppley pyrheliometer was compared
to net radiation (R) measured by a Gier and Dunkle net radiometer. The
correlation between the two for 58 measurements was 0.92, where:

R = 0.644] - 38.74 (8)
where

R = net radiation in (mcal)/(cm? min)

I = short wave radiation in mcal cm™2 min ~!

2.4.2 Relationship of Vertical Temperature Gradient to Net Radiation
and Wind Speed

Wangara é&tés) included a 40-dav collection of wind speed at six
levels and vertical temperature gradient frcm 1 to 2 and 2 to 4 meters.
Net radiation was measured by a Funk net radiometer. All micrometeor-
oiogical data were averaged for a half hour centered on the hour, 24
times per day. The data were collected during the winter of 1367 near
Hay, N.S.W., Australia (34°30' S, 144%6' E).

Net radiometer readings at noon and midnight were related to the
2-4 m temperature difference as follows:

At noon: AT = -0.00898R-0.0023 (9)

where
R = net radiation in milliwatts/cm? (mw/cm?) é
AT = T(4 m) -~ T(2m) in degrees centigrade '

Number of casas (n) = 35
Correlation coefficient (r) = 0.86
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At mi‘dnight: AT = ~0.0845R - 0,08512u + 0.43576 (10}

where
' u = 4 mwind speed in meters per second
Number of cases = 38
r = 0.61

The Wangara nighttime vertical temperature gradients were somewhat
variable in time, suggesting unsteady conditions. Also, the relation-
ship between the AT from 1 to 2 m and that between 2 and 4 m was quite
variable. Temperatures at more levels would make it possibie to smooth
the vertical temperature gradient. This was done for Kansas(7) data
using second-order polynomial equations to fit the vertical profiles.

The cloud coverage was observed at Wangara. For midnight data,
the nighttime Pasquill cloud classification of 0.5 or more low or middle
clouds was associated with R > -4.0 mw/cm? for 73% of the cases. Low
or middle cloud cover of less than 0.5 was associated with R < -4.0 mw/
cm? 85% of the time. The minimum net radiation at midnight was -8.4
mw/cm2,

2.4.3 The Relationship between Vertical Temperature Gradient, Wind
Speed, Net Radiation and Stability Class for 1 Hour

The daytime insolation class can be determined as a function of
solar angle and cloud cover, as a function of I, or as a function of R.
Since the vertical temperature gradient is a function of R and site
characteristics, it becomes necessary to determine the temperature
gradient category independentiy for each site. Neither cloud cover nor
net radiation statistics are available for the Kansas site; hence, it
was necessary to determine the & - 8 m potential temperature gradient
radiation class empirically as a function of solar angle class. The
solar-angle radiation index was determined by Turner(]3). The relation-
ship of solar angle to potential temperature gradient at Kansas is pre-
sented in Table 3. The potential temperature gradients used are 1-hour
averages.

p A oo T T T
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Table 3. Daytime Net Radiation Index and Assuciated Kansas
Vertical Potential Temperature Gradient

Solar Angle, degrees Net Radiation Index 26/3z, 9C/m

< 15 ] > -0.07

15-35 2 -0.07 to -0.1
35-60 3 -0.101 to -G.115

>60 4 < -0.115

ilighttime vertical temperature gradient is a function of R and u.
Since there are no published hourly values of R or cloud cove- fur the
Kansas experiment, the first estimate of the vertical potential temper-
ature gradient can be determined from the Wangara equation 10 above,
where:

o

36/3z = AT/az ¢+ 0.01 C/m

The resulting 4 to 8 meter potential temperature gradients iare seea in
Table 4.

Table 4. Nighttime Vertical Potentiz] Temperature Gradient
by Radiation Index and Wind Speed

P

- et Radiation Index - -l -2

u, m/s R, mi/cm? -4 -8
1 0.137 0.182
2 0.116 0.150
3 0.095 0.139
4 0.973 0.118
5 0.052 (.096
6 0.031 0.075
7 0.015 0.054
8 0.0 0.033
9 0.0 5.011

The values in Table 4 correspond reasosiably well to the nighttime
1-hour 4-10-8-meter potential temperature gradienis at the Kansas site.

A more compiete form of Table 3 comes from Turner(la). The re-
sults are seen in Table §.

10
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Table 5. Net Radiation Index

Day Night**
Cloud Cover (1/10) 0-5 6 -5 10 0-4 5-10
Cloud Height (1000 ft) <7 71-16 >16 <7 >7
Solar Angle: < 15° 1 ) 1 1 0o 1 2 -
~_ 15 - 35° 2 ] 2 0 1
36 - 60° 3 1 2 3 0 2
> 60° s 2 3 4 0 3

**Nighttime is defined as the perfod from 1 hour before sunset
to 1 hour after sunrise.

2.4.4 The Steady State Requirement

Since there is little in the literat:~e to show the close corre-
spondence between wind speed and temperature profile data and turbulence,
it is in order to examine possible relationships using the best data
available. The Kansas “Windy Acres® data published by Izumi(’) meet
the gualification. The first requirement for the comparison is that the
data be steady state (i.e. u, must be constant with height). Equations
3, 1 and 2 atove were used to calculate z/L using 1-hour average Kansas
data. Equations 4 and 5 were used to calculate u, for the layers 4-8
meters and 16-32 meters. Results are shown in Table 6.

Table 6. Comparison of Kansas u, Valves at 5.66 and 22.63 Meters

Number of Cases Stability u,(5.66 m),m/s u,(22.63 m),m/s r-

20 Unstable 0.4035 0.4065 0.99
12 Stable 0.2554 0.2551] 0.98
32 Al 0.3479 0.3497 0.99

The vzlues in Table 6 indicate that the Kansas data were steady
state for an average data period of 1 hour. The correlation between u,

at the lower dnd higher levels is high. The mean values of u, at the |
two levels differ by less than 1 percent. i
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2.4.5 Relationship of Turbulence to Wind Speed and Temperature
Profile Duta for 15 Minutes

The Kansas data were reduced for 15 minutes. The sampling time
used to calculate of and ap Was 15 minutes. One-hnur averages were ob-
tained by averaging four successive 15-minute values.

Panofsky and Prasad(4) developed a schieme for estimating o from 2z,
z, and L. Comparison with analysis of the Kansas data indicates that
their scheme is weak for low wind speeds and high values of oE(>7°).
Panofsky(]4) notes that “n does not obey the laws which relate wind and
temperature profile data to turbulence (similarity theory). However. he
suggests a statistical treatment(ls) of op data which explains 37% of
the variance for a particular site.

Panofsky and Prasad(4) used the parameters ln(z/zo) and 105z,/L to
determine og- Analysis of the 15-minute Kansas dai:a described here in-
dicates that both o and o, at a given level are functions of zj,,L and
u. 7The Kansas Data were collected for 1-hour periods, eacii of which
included four 15-minute periods. The first and last of these 15-minute
periods are here used as the dependent data sample. The second and third
are used as independent data. Dependent data results of least-squares
fitted regression equations are seen in Table 7 for the unstable case
and Table 8 for the stable case:

Table 7. Dependent Data Results for vg> Unstable Case

Predicted Observed

Number  Height, m 00 Og0 r
36 5.6k 5.5 5.5 0.89
36 11.31 5.4 5.6 0.73
36 22.63 6.03 6.03 0.93

12
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Table 8. Denendent Data Results for Op» Stable Case

Predicted Observed
Number  Height, m °g? I r
21 5.66 4.8 4.8 0.88
2] 11.3 4.1 4.1 0.90
21 22.63 3.25 3.¢% 0.88

Regression equations used Tor the 5.66 m level in the tables above
are:

Unstable case: op = 6.726 - 0.0402(10520/L) - 0.2778u (1)

Stable case: = 6,125 - 0.09]7(]0520/L) - 0.153% (12)

%
where
of is in degrees

u is in m/s

An independent data check produced an average correlation between
predicted and observed g values at ali three levels of 0.88 for the un-
stable case and 0.91 for the stable case.

Similarly, results for o, are seen in Tables 9 and 10. The regres-
sion equations used for the 5.66 m jevel in Tables 9 and 10 follow:

Unstable case: oy = 26.375 - 0.0796(10520/L)- 2.26u {13)

Stable case: o, = 5.986 - 0.0359(10520/L)+ 0.2043u (14)

The independent data check resulted in an average correlation co-
efficient of 0.65 for the unstable case and 0.80 for the stable case.
The maximum variation of the predicted from the observed mean was 8 per-
cent.

13
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Table 9. Dependent Data Results for Ips Unstabie Case

Pradicted Observed
Number - - .
Level,m a0 _ _9° r !
36 5.66 14.04 13.92 0.71,
36 11.3) 12.77 12.7: 0.68
36 22.63 11.96 11.97 0.66
Table 10. Dependent Data Results for o,, Stable Case
Pradicted ~ Observed
Nuwber s 0 =0
i Level .x . % r
21 5.66 6.82 6.62 0.44
21 11.31 5.44 5.44 0.58
21 22.53 4.48 4.43 0.44

The o results above ave satisfactory. The op results are much less
so. The reason for this is apparent from inspection of the data. For
successive 15-minute periods, cy i$ quite variable.

2.4.6 The Prediction of 15-Minute Turbulence V¥aives Using Bulk Richardson's
Nusber

If B is cal.ulated from tnuation 6, RY from Equation 7 and z2/L from
Equations 1 and 2, ¢ anc oy, Can be calculated from Equations i1 through
i3 using loszolL derived from B and observed 5.56 m u. The 5.66 m in-
dependent data results are seen in Tabie 11. The average correlation
between predicted op values ia Table 11 is 0.52, compared to 0.90 for the
results using loszolL obtained frim Ri. The average r for o, in Table 1
is 0.7Z, compared to 0.71 for the resyits oltaimed using Ri. Hence, no
skill is lost by substitutimgy B for Ri and using the procedure given above
to estimate Ri and 10z /L.

Ry o ey o




Table 11. Independert Data Prediction of 15-Minute Turbuience Vzlues
at 5.66 m Using Bulk Richardson's Number and Obcerved Mind

Speed
Predicted Observed Predicted {bserved
Number Stability  °EC g0 a° . r
39  Unstable 5.42 5.53  0.895 13.79 13.08 0.700
21  Stable 4.89 4.79 1.962 6.66 6.36 0.765

2.4.7 Relationship of Turbulence to Wind Speed and Temperature Profile
Data for 1-Hour Average Data

Results of regression equations fitted to 1-hour average data are
seen in Tables 12 through 15.

Table 12. One-Hour Average o Results for the Unstable Case

Predicted Observed
Number Level, m 0o ogo r
20 5.66 5.51 5.51 0.955
20 11.31 5.65 5.65 0.948
20 22.63 6.02 6.02 0.924

Table “3. One-Hour Average % Results for the Stable Case

“Predicted Observed
Number Level, m og g0 r
12 5.66 4.83 4.83 V.96
12 11.31 4.06 4.06 0.966
12 22.63 3.19 3.19 0.956
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Table 14. One-Hour Average o Results for the Uastable Case
3
- Predicted Observed
Number Level, m %0 940 r
20 5.66 13.54 13.54 0.86
i 20 11.31 12.60 12.61 0.83
20 22.83 11.78 11.78 0.81
| —
|
Table 12. One-Hour Average o, Results for the Stable Case
Predicted Observed
| Number Level, m 90 Op° r
i 12 5.66 6.49 6.49 0.85
12 11.31 5.85 5.65 0.93
12 22.62 4.20 4.20 0.93
The 5.66 m regression equations tur the above are:
Unstable op = 5.737 - 0.9555(2“‘20ii) - 0.1454u (15)
Stable o¢ = 6.372 - 0.1083(10520/L) - 0.2021u (15)
i -
i Unstable o * 16.776 - 0.3354(10520/L) - 1.0934u (17)
[
Stable op = 5.809 - 0.0461(10520/L) + 0.2237u (18)

A differsnt basis of checking the accuracy of prediction is the
. standard error (S.E.) divided by the observed mean standard deviation.
For the 5.66 m indiependent 15-minute data and for the 1-hour data, this
figure is displayed in Table 16. The improvement of the 1-hour data re-
lationship for both o and % preciction is marked. The unstable case

% prediction improves from an error f + 24.1% or less for 68% of the
;_\ o~ . C‘SCS tO ]306%.
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Table 16. Standard Error Divided by the Mean Observed Standard

Deviation
i5 Minute Independent Data OUne Hour Data
Uns*able Stable Unstable Stable
Vertical s.rz./EE 0.054 0.0705 0.032 0.038
Horizontal S.E./EA 0.241 0.0785 0.136 0.054

2.4.8 Relaticnship of Turbulence to the 5.66 m Mean Wind Speed and
BuTk Richardson's Number for 1-Hour Average Data.

If it were possible to nstimate L accurately using only wind speed
and vertical temperature gradient, the basis of associating Pasquill
classes with specific values of og and op would be assured. The assigned
AT for each net radiation and wind speed class can be determined from
Equations 9 and 10. Then the bulk Richardson number can be calculated
using Equation 6. Equation 7 can be vsed to obtain Richardson's number
from B. Equations 1 and 2 can be used to obtain z/L from Ri.

Application of the above procedure to 5.66 m 1-hour average data pro-
duced the answers in Table 17. Since no net radiometer data were avail-
able, it was necessary to use the observed 4-8 m AT. The regression
equations used to prepare Table 17 are Equations 13 through 16. The
correlation between predictced and observed turbulence values using the
two method's, one based on Ri, the other on B, are almost identical.

Table 17. Predicted Values of 5.66 m % and o Using Bulk Richardson's

Number
Predicted Observed Predicted Observed
Number  Stability °E° g0 r 50 Op0 r
20 Unstable 5.54 5.51 0.95 13.56 13.54 0.861
12 Stable 4.84 4.83 0.965 6.49 6.49 0.844
17
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The maximum daytime variation of of is at the higner levels. The
maximum variation of o is at the lower levels. Hence, it becomes impor-
tant to predict the verticei gradients of og and o For this purpose,
the power-law relationship can be assumed for Op» Ty and u, where the re-
spective exponents are 8, « and p. Equations 4 and 5 above are the log
plus linear form of the vertical wind speed profile, noi the same as the
power law. In spite of this, it is convenient and practical to assume a
power-law form for the present treatment.

2.4.9 <Zalculation of 8, a and p.

To determine the change of turbulence witk height, the Kansas 5.66 m
and 22.63 m data were 'sed. The assumed power-law form was:

0p(22.63 m) 22.63 \®
o (5.66m) “ \"5.66

(19)

A similar form was assumed for oA and a as well as for u and p. The
following equations are the result of least-squares fit to tne 1-hour av-
erage data:

Unstable p = 0.1039 + 0.00157(10520/L) + 0.00419u (20)
a = -1.695p + 0.0812 (21)
g = -5.52p + 0.674 (22)
Stable p = 0.3866 + 0.00737(10520/L) - 0.03414 (23)
a=-0.76%9 - 0.1060 (24)
B = -].270p bad 0.0433 (25)

where

zolL is for the 4-to-8-meter layer
u is the 1-hour average wind speed at 5.66 m in m/s

The adequacy of the above equations is seen in Table 18.

If z/L used in Equations 20 through 25 is estimated from B. the results

are seen in Table 19. The correlation coefficients between predicted and
observed values for 9 and % at 22.63 m are all higher in Table 19 than
in Table 18. Also, r is higher in Tables 18 and 19 than it is for pre-

diction of 9 and gy S functions of IOSzO/L and u at the 22.63 m level.
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These results appear in Tables 12 through 15. The overall average 22.63 m
r in Tables 12-15 is 0.905, compared to 0.973 for og and o in Table 19.
Part of the reason for this may be the relatively small range of the AT
values for the 16 to 32 m layer and hence the relatively insensitive val-
ues of IOSZO/L.

T PRI TSRS XTI

2.4.10 Tabulation of Kansas Values for 1/L, L, p, a, 8, of and_gA_jg
Pasquill-Turner Tables. -

From Table 3 and Equation 10, values for 238/3z can be assigned for
every wind speed and radiative index category. The radiative index cat-
egories are 4, 3, 2, 1, 0, -1 and -2. For the O category, 3e/3z is assumed
to equal zero. B is then calculated using Equation 6. Ri is calculated
from B, using Equation 7. z/L is calculated from Equations 1 and 2. Tab-
ulated values of 1/L and L are seen in Table 20. The 36/3z stable limit
i values for radiation indexes 4 through 1 are -0.115, -0.101, -0.07 and
-0.035, respectively. The stable 1imit values used for indexes -1 and -2
appear in Table 4 above.

Using the values of L in Table 20 and a roughness of 0.0244 m, the
o and o values in Table 21 were calculated from Equations 15 through 18.
The range of 1-hour-average wind speeds observed for the unstable classes
(4-1) was 4-8 m/s. The range for the stable classes was 2.45 to 6.4 m/s;
hence the accuracy of the o and % estimates outside of this range is
not known.

The p, « and 8 values for u, o and o, profiles can be obtained from
Equations 20 through 25. Results appear in'Table 22. From the p, a, and
3 values in Table 22, the 22.63 m values of u, o and o, can be calculated
from the power-law equation (Equation 19). Results for o and op appear
in Table 23.

The average observed ratio of aA/oE for the unstable 5.66 m case was
2.45. The average stable case ratio was 1.34. At 22.63 m, the average
unstable case ratio was 1.96, and the stable case ratio was 1.31. The
variation of these ratios with 5.66 m wind speed and radiation index can
be seen in Tables 21 and 23.
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2.4.11 Similarity Theory Methods of fCalculating of and S

Busingeri]z) documents a universal law for determining vertical tur-
bulence in the unstable case:

173
o fuy = 2 (-2/L) ! (26)
where

o = standard deviation 5f vertical velocity in m/s

Since the 1/L values are shown in Table 20 and u, can be calculated from
Equation 4, it is 8 simple matter to estiwate S for each 1/L value at
5.66 m. Then of is obtain from:

op = 5?.30“/6' degraes (27)
wherg
g = 5.66 m wind speed in m/s

Equation 26 applies for -z/L 3_0.3(]2). For -z/L < 0.3, the ratio be-
comes constant:

aw/u* = 1.34 (28)

The corralation of the 32 unstable case 9 vzlues in Table 21 with op
caiculated from Equations 26 through 28 resulted in a coefficient of 0.99.

In an effort to represent the standard deviation of lateral velocity
variaticn (av)’ the 20 one-hour values of 1a{c /u,) were least-squares
fitted to Tn(-z/L). The resulting formula is:

alu, = 4.67(-2/L)1/3°25 (29)

Kinsas date show this formula to be appiicable for -z/L » 0.066. For
smaliler values, av/u, = 2. For 20 one-hour average values, the correla-
tion of the pradicted °v/"* with tne observed values was 0.74. This is
net too goud, but the formula is useful as a basis of estimating 9 for
the unstable, low-wind speed cases. The Equation 29 values were averaged
with the regression aguation values to supply the figures appearing in the
- 2m/s unstable index cases (4-1) in Table 21,

oSSyt e e =
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X 2.4.12 Comparison of Unstable Case Similarity Theory Estimates of o
4 to Panofsky Prasad and Regression Equation Sstimates.
- Vaiues for o obtained Trom regression Equation 15 (Reg}, £guations
] 26 and 27 (Sim) can be compared to values obtained from the Panofsky and

Prasad(4) graph (P). Results appear in Table 24.

Table 24. Comparison of 5.66 m % Yalues Obtained by Three Methods

A—mwv.

Net Radiation Index
5.66 m 4 3 .2 1 Average

G, m/s Reg Sim P Reg Sim P Reg Sim P Reg Sim P Reg Sim P
2 15.0 16.8[9.0] 13.7 15.4 [7.0] 10.7 12.3 6.3 7.6 8.2 5.8 11.8 13.2 7.0
3 9.0 10.26.0 8.3 95 59 7.0 7.65.76.05.45.6 7.6 8.2 5.8
4 7.0 7.35.8 6.5 6.8 5.6 6.0 5.55.65.55.25.5 6.2 6.2 5.6
s 6.0 5.75.6 5.8 55 55 55 5.35.55.25.15.5 5.6 5.45.5

The regression equation results and similabity theory results in
Table 24 are quite close. The Pancfsky and Prasad figure produces og
values too low fcr wind speeds of 2 and 3 m/s. The Panofsky and Prasad
¥ figure for % could be improved if values of -105(z°/L) greater than 100
were considered. The bracketed figures in Table 24 required extrapolations
| of the Panofsky figure, since the -!OS(ZO/L) values were greater than 100.

g 2.4.13 The Calculated Turbulence Values for the 10-Meter Level.

! It is standard practice to use the 10 m u to determine the Pasquill

stability category. The turbulence values applicable at 10 meters appear
in Table 25.

The results of Table 2 can now be used to assign Pasquill stability

\ . class values to oF and oA as shown in Table 25 The result appears in
L Table 26. It is notable in Table 26 that in 15 cases (25%), the Pasquill
; g B classes for op and g are different. Also, tne usual neutral-case class

D does not appear at all in the O radiation index class. This suggests
the site dependence of a given Pasquill category as well as the dependence
on radiation class, wind speed and surface roughness.
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E Table 26. Pasquill Stability Class for Kansas Data
) Net Radiation Index
nm 4 3 2 ] 0 1 -2
ms e °A % A °e °A %t A e A %t A 9
‘ 2 A A C B F F F F
ﬁ 3 A A A A A A A A C B F F F F
| 4 A A A A A A B A C B F F F F
' 5 A A A A B A B B C B D E E E
| 6 A R B B B B B B C ¢ 0 D D E
' 7 B8 B B B B B € B C C C D DD
8 B B C B c C c C € C C D cC D
9 c C ¢c C c C c € cC ¢ cC D C D
10 c ¢ c C c C c C cC ¢ c C c ¢
|
1
K
2.4.14 C(Calculation of Surface Roughness.
. Surface rcughness can be estimated for the neutral case {38/3z = 0)
¥ from the equation:
. u(z) = §* (In(2/2,)) (31)

= %1-(Tnz - lnzo)

For an example of the application of Equation 31, see the Wangara report.(s)

Each wind speed profile is treated indspendently by first plotting

the prefile on Inz versus U coordinate paper. Then the data is least-
squares fitted up to the highest level wind speed which falls on an eye-
fitted straight line. Since u, is. constant with height, it is possible

to solve for z,.

A similar technique can be applied to the unstable case data using ‘
= Equation 4. This technique was used(lz) to detevmine roughness for the 3

%
I I
. o Kansas data.
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2.5 ANALYSIS
The results above indicate that the bulk Qichardson number is a pow-

erful tos! (> estimate turbulence ax a particular site. At a givea height,

this number can be calculated using vertical temperature gradient and
wind speed only. The agreement of regression-equation estimates of o
with the estimates prepared from a universai equation (Equation 26) is
reassuring, although applicable only to unstable case data. Table 26 in-
dicates that the Pasquill stability classes for vertical and horizontal
diffusion cloud growth are frequently not the same (25% of the time). The
expected prediction accuracy for 90% of the cases is + 27.2% for unstable
case 1-hour average 9% estimates and + 6% for the unstable case og* Us-
ing the observed median of 9% Pasquilil class A as the reference, the pre-
diction error might be 3_40 for 90% of the cases or 1_20 for 68% of the
cases. This compares to an observed class range of 8° In the case of
op» the predicted unstable case error is + 6.4% for 90X of the cases.
This means an errar of + G. 6° for class A compared to a class A observed

range of 5°. 1_0.4 for class B versus a class raixge of 1.85° and + 0.25°
for class C versus a class range of 1.85%. This suggests that 1-hour ave-
rage values of g, can be predicted accurately within plus or minus one
class and that 9% values car be predicted with much greater precision.
Prediction of stable case ag values is almost as good as the unstable
case results above, whereas prediction of % improves from 27.2 to + 10-8%
for 90% of the cdses.

2.6  CONCLUSICN

The above results show that a simpie measursment of vertical temper-
ature gradient and U can be used to accurataly predict vertical or hori-
zontal turbulence for any combination of radiatior index and wind speed.
It remains to be seen whether measured net radiation can adequately sub-
stitute for vertical temperature gradient. The empirical equaticns re-
quired to implement the technique require collection of data at a fully
instrumented tower. Observations of cloud cover and net radiation would
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make it possible to compare results to those obtained from the Pasquill
and Turner bases of classification as well as to determine whether meas-
ured net radiation is a more satisfactory indicator of net radiation
index and, hence, of vertical temperature gradient.
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